ABSTRACT. Recru~tment from a planktonic larval stage has been proposed to b e a n important factor in lim~ting populations of marine organisms, part~cularly troplcal reef fishes. We monitored r e c r u~t~n e n t and populat~on densities of juven~le size classes In French grunt Haemulon flavolineatum (Haemulidae) from October 1978 through December 1980 In a portion of Tague Bay, St. Croix, U. S. Vlrgin Islands. Withln our study area, 95 % of new recrults settled onto the sand and seagrass lagoon floor and w i t h~n a few weeks migrated to nearby reefs; the remalnlng 5' 10 settled d~rectly onto reef structures. hIean annual recruitment rate was 1.8 recrults per m2 of lagoon floor, equivalent to 44 recruits per m2 of luvenlle (backreef) habitat per yr and among t h c h~g h e s t recruitment rates yet reported for reef fishes. Post-settlement mortality was also very high. d u r~n g the first month of benthic life it was 0.9 and during the first year was > 0.992. We propose a s e n s~t~v i t y analysis criterion for determining the relative ~nfluence of multiple factors or processes that llmit adult population slze The critenon w e used is the relatlve senslt~vity of adult population size to proportionate changes in those factors or processes. Using an open, d e n s~t y -~n d e p e n d e n t model of benthlc populat~on dynamics for French grunts, we estimate that changes In post-recru~tment mortality rate \v111 have a 100 tlmes greater effect on the abundance of large juveniles than a proportionate change In recruitment rate Therefore w e conclude that, whether or not mortality 1s density-~ndependent, the factors controlling b e n t h~c mortality are much more Important in the b e n t h~c populat~on d y n a m~c s of French grunts than 1s the recruitment rate. The same analysis is applied to other coral reef flshes for which appropriate data are ava~lable; \ye conclude that for 2 out of 3 species for whlch recruitment limitation has been demonstrated, changes in b e n t h~c mortahty are hkely to have a stronger influence on adult populat~on sizes than are propoi-tlonately equivalent changes in recruitment rate
INTRODUCTION
Many marine organisms have 2 life history stages, one benthic and one planktonic. Several recent studies have suggested that, in at least some, and perhaps many, of these species, benthic populations are limited by recruitment from the planktonic stage (Williams 1980 , Yoshioka 1982 , Doherty 1983 , Victor 1983 , Underwood & Denley 1984 , Gaines & Roughgarden 1985 , Wellington & Victor 1985 . The ramifications of recruitment limitation for population and community ecology are many. Recruitment limitation implles a control of benthic population dynamics by recruitment rates rather than by physical and bio- Coral reef fishes are among those marine animals for which recruitment limitation has been suggested to exist. Relatively little information is available on recruitment and post-settlement mortality in reef fishes, but 4 recent studies have suggested that recruitment rates may be controlling adult population sizes in several species (Williams 1980 , Doherty 1983 , Victor 1983 , Wellington & Victor 1985 . In this report, we present the results of a 2% yr study on recruitment and population dynamics in the Caribbean reef fish Haemulon flarrolineaturn (Haemulidae). The aims of the paper are: (1) to examine recruitment rates and post-recruitment mortality in this species, and (2) to consider whether recruitment or the factors determining post-recruitment mortality have the greater influence on adult population size. We present a criterion and a model for comparing the relative strengths of recruitment and post-recruitment mortality.
Almost all species of fishes Living on tropical reefs have a planktonic life history phase (Sale 1980) . The French grunt Haemulon flavolineatum has both a pelagic egg as well as a pelagic larva. Planktonic life (zygotic and larval) lasts an average of 14 d (Brothers & McFarland 1981 , McFarland et al. 1985 at which time the larvae settle into sand or seagrass habitats (Shulman 1985a) or onto reef structures (McFarland et al. 1985) and begin their benthic life. Those juveniles settling into sand or seagrass habitats migrate to reefs within the first month after settlement (Shulman 1985a) . During the benthic part of their life cycle, French grunts spend daylight hours in monotypic and heterotypic schools on the reef (Ogden & Ehrlich 1977) . After the first 2 wk of benthic life, French grunts migrate at twilight into sand or seagrass areas, returning to their schooling sites at dawn (Ogden & Ehrlich 1977 , McFarland et al. 1979 , Helfman et al. 1982 . From settlement until they attain sizes of 30 to 40 mm standard length (SL), French grunts feed during the day on plankton (Helfman et al. 1982, McFarland pers. comm.) . At that point they make the transition to the adult pattern of feeding solitarily at night on benthic invertebrates that occupy the sand and seagrass habitats (Robblee 1986) . French grunts become sexually mature at 120 to 150 mm SL (Billings & Munro 1974) . Spawning has not been observed in this species and spawning behaviors and frequencies are not known.
MATERIALS AND METHODS
Study area. This research was conducted in Tague Bay, on the northeast coast of St. Croix, United States Virgin Islands. The bank-barrier reef, which encloses Tague Bay, has been described by Ogden (1972) and Adey (1975) . Our reef study site (Fig. 1 ) was a 300 m long section of the backreef of Tague Bay reef. This particular section was chosen because the habitat is relatively uniform along its length and because there are no patch reefs nearby in the lagoon. The backreef zone is composed of colonies of Acropora palmata, Porites porites, Montastrea annularis, smaller head corals, and consolidated coral rubble. The width of the backreef (from lagoon edge to reef crest) varies from 4 to 15 m (X = 8.9 m). The lagoon floor stretching south from our study site is 5 to 8 m in depth and covered with sand mounds produced by the activities of the thalassinid shrimps, Caliianassa spp. The dominant flora on the lagoon floor are the seagrasses Syringodium filiforme and Halodule tvrightii, the calcareous green algae Penicillis spp. and Halimeda spp., and the fleshy algae Dictyota and Acanthophora spp.
Reef population censuses. The study took place from October 1978 through December 1980. During this period, French grunts Haemulon flavolineatum within the study site were censused from 1 to 11 times mo-' (X = 3.3 censuses mo-l) with the exception of January 1980 when no censuses were taken. Thirty-three schooling sites were found within the reef study area; not all were occupied at all times over the 27 mo period of the study. At each census, the numbers of individuals in each of 5 size classes in each school were recorded. During the first month of the study, censuses were made by 2 divers; these censuses were compared and the censusing estimates of the 2 observers were calibrated. All following censuses were made by only one diver. The number of grunts at any one schooling site ranged from 0 to 900. Through multiple censuses and comparisons of censuses by 2 divers, we estimate that the error in censuses for school sizes up to 100 was approximately 10 % while that for larger schools was as much as 20 %.
The grunt schools in our reef study area consisted almost solely of French grunts. Only occasional white Fig. 1 Locat~on of study with~n Tague Bay on the northeast coast of St. Croix, U. S. Virgin Islands. Stippled section is the portion of the backreef of Tague Bay Reef within which we censused French grunt schools. The l50 m long Lagoon Transect, 20 m from the backreef and parallel to it, was censused for newly settled French grunt recruits. Area marked with diagonal lines represents the part of the lagoon considered the source area for recrui.ting French grunts that would mlgrate to the reef study area
grunts Haernulon plumieri, juvenile mahogany snappers Lutjanus mahogoni, and juvenile yellowtail snappers Ocyurus chrysurus were observed in the schools. In other areas French grunts were commonly observed in heterotypic schools.
The 5 size classes (recruit, small juvenile, medium juvenile, large juvenile, adult: Table 1 ) used in the censuses were similar but not identica.1 to those used by Brothers & McFarland (1981) and Helfman et al. (1982) . The age ranges (Table 1 ) for sizes u p to 100 mm standard length were determined for French grunts through otolith aging by Brothers & McFarland (1981) . Ages for size classes above 100 mm were estimated from the age/growth curves presented in Billings & Munro (1974) .
Lagoon recruit censuses. In addition to censuses of schools on the reef, newly settled French grunts were censused in the nearby lagoon. A 150 m long transect marked with steel stakes was set up parallel to the eastern half of the reef study area and 20 m into the lagoon (Fig. 1) . From November 1978 to December 1980, all grunts within 5 m of each side of the lagoon transect line were visually censused an average of 4 times mo-' from May to December and 2 times mo-' from January to April each year.
DATA ANALYSIS
Estimates of recruit abundance. Post-larval grunts settle in sand, seagrass, and reef habitats. Individuals settl.ing in sand or seagrass usually migrate to reefs before they are 1 mo old (Shulman 1985a, this paper) . French grunts settling in Tague Bay can migrate to the bank-barrier reef, a fringing reef, or a patch reef (Fig.  1) . To determine the number of settling post-larval grunts that were potential recruits to our reef study area, w e included all post-larvae settling in lagoonal areas for which our reef study area was the closest reef. This represents the population of recruits settling in the section of the lagoon extending 210 m out perpendicularly from our reef study area. We will refer to this portion of Tague Bay a s the 'lagoon source area' (Fig. l ) .
To estimate the abundance of recruits in the lagoon source area, in October 1985 we ran 150 m long, 10 m wide transects a t distances of 10, 20, 40, 60, 80, 100, 150 m from, and parallel to, the reef study area. Total abundance of recruits in the lagoon source area was estimated by linear interpolation and summation over the whole area. The ratio between the total abundance and abundance in the lagoon transect 20 m from the reef was used to estimate the number of grunt recruits present in the lagoon source area for the dates on which the regular 20 m transects were made.
French grunt settlement occurs on a semilunar cycle with peaks of settlement on the quarter moons (McFarland e t al. 1985) . To estimate the number of recruits settling each lunar month, we determined the census date that was closest to the date of each quarter moon and summed the number of recruits present a t those 2 censuses. If no census was made within a 3 d period around a quarter moon date then the abundance of recruits for that quarter moon was determined by linear interpolation between the nearest quarter moon abundances. Interpolation was required for 11 of the 52 quarter moon periods; 4 of those 11 occurred during winter when recruitment was extremely low (see 'Results'). French grunts grow out of the recruit size class within 16 d (Table 1) and older, larger recruits can be easily distinguished from newly settled individuals. Therefore, few or no grunts would have been counted as newly settled recruits in more than one quarter moon census.
Estimates of inter-size class survivorship. Survivorship between size classes was estimated by comparing the abundances of each size class within lagged annual periods. The number of postlarvae settling in a year period was estimated by summing u p the recruits present on all quarter moons within that year. The numbers of individuals present in each of the other size classes were determined using the following method. The number of individuals present on each day of the year was estimated by linear interpolation between the census dates. The numbers of recruit-days, small juvenile-days, and large juvenile-days were then calculated by summing the numbers of individuals in each size class present on each day of the annual period. The Despite the large number of juveniles present in our reef study area, only a few adult French grunts were ever observed there. Adult French grunts were much more common in deeper coral habitats on the Tague Bay forereef. These deeper areas had relatively few French grunts of recruit or juvenile size classes. Because of the distributions of size classes, w e assumed that French grunts, on reaching reproductive size, emigrated from our reef study area into deeper water habitats. Therefore, we do not make a n estimate of survivorship from the large juvenile to the adult sizes from our reef study area census data.
RESULTS

Population dynamics
The total population of French grunts in the reef study area and the lagoon source area varied widely over the 2% yr period (Fig. 2) . Peaks in the total number of individuals occurred in November 1978 , September 1979 , and November 1980 . These peaks ranged from 2861 to 3474 individuals in the reef study area or 1.1 to 1.3 French grunts per m2 of backreef. The lows in total number occurred in February through June 1979 and November through May 1980 and ranged from 189 to 898 (0.07 to 0.35 ind m-2). Total population size varied by a factor of 6.9 within 1979 and 18 within 1980.
Settlement of post-larval grunts was extremely low during December, January and February and highest in the period of May through November. This pattern was consistent over the 2 yr period. However, in 1979, recruitment occurred at moderate rates throughout the period of highest settlement while in 1980 recruitment occurred at lower rates for most months and then rose to a h g h in September. Within one year, settlement varied from a low of 0 recruits in January and February to a high of 32 400 in September. Between years, settlement in the same lunar month varied by factors of 1.4 to 12.9 d u r i n~ the May to November period of high recruitment.
On an annual basis, recruitment rates were very high. Over any given 12 mo period within our 26 mo study, 84 000 to 140 000 (X = 118 000) French grunts recruited to the study reef or the lagoon source area. This is equivalent to 1.3 to 2.1 recruits per m2 of lagoon floor or 32 to 53 per m2 of backreef per yr The vast majority (9.5%) of the recruits initially settled in the lagoon rather than settling directly onto the reef. Fluctuations in numbers of individuals in each size class present in the study area over the 2% yr period. For recruits and small juveniles, the numbers shown are those that occurred in both the reef study area and the lagoon source area. For medium juveniles, large juveniles, and the total reef population, only individuals occupying the reef study area were included (medium and large juveniles do not occur in the lagoon during the daytime). Census data were not available for January 1980 except for recruits in the lagoon source area; the values shown for juvenile size classes were interpolated between the preceding and following months. For the actual sizes and ages represented by these size categories, see Table 1 Post-settlement survivorship Calculations of survivorship rates using 3 different starting dates produced very similar results and only the means will be discussed here. Survivorhip was relatively constant (8.5 to 10.9 %) between sequential size classes (Table 2) . However, since the sizes classes represent increasingly broad age ranges, the survivorship rate increases as age past settlement increases (Fig. 3) . Survivorship as a function of age can be described by the power function: sonal trends (Fig. 2) . In the first 5 mo of the study the
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number large J~~~~~~~~ and then Fig. 3 . H~emulonflavol~neatum. Percent sun~ivorsh~p of recru~ts again over the following 5 mo. 'l3is low abundance as a function of age (given m days past settlement). The relation was then maintained for the following 15 mo until can be described by the equation given in the text (Eqn 1) large juveniles increased in abundance in the last month of the study. Numbers of large juveniles varied by a factor of 6 both within a year and between years in the same month.
where S = percentage of recruits surviving to age A (measured in days past settlement). Thus, mortality rates are highest for the youngest and smallest French grunts and lowest for the large juveniles (of the 4 size categories considered here). Overall post-settlement mortality rates were high. For every 10 000 recruits that settled into the reef and/or lagoon, only 8 survived to become large juveniles. 
DISCUSSION
French grunt larvae metamorphose in the plankton and subsequently settle in very large numbers into sand, seagrass, and reef habitats. In Tague Bay, 95 % of these recruits settled in the lagoon rather than directly on the backreef. Similar spatial patterns of settlement have been described for several other reef fishes. Experiments examining this phenomenon suggest that, for very small fishes, encounter rates with predators are lower, and appropriate shelter more available in the seagrass habitat than in the backreef habitat (Shulman 1985a) .
The recruitment rate of French grunts is high, both in absolute numbers 11.8 m 2 yr-' within Tague Bay lagoon; 44 recruits y r ' in Tague Bay per m2 of juvenile (backreef) habitat] and relative to the density of large juvenile French grunts on the reef (0.06 per m2 of backreef). Of the 43 species for which comparable data are available, only 3 show higher annual rates of recruitment relative to available juvenile habitat ( Table  3 ). French grunts recruit over a n 8 mo season rather than the 4 mo season for fishes studied near One Tree a n d Lizard Islands on the Great Barrier Reef. This longer season partially explains the higher annual recruitment; however, comparing only the months of the recruitment season, only 8 or 9 species show higher monthly recruitment rates than that of the French grunt.
How do the annual numbers of recruits compare with the number of eggs being produced in this local population? We can estimate a possible range of egg production if we make the following assumptions. (1) The maximum reproductive life of female French grunts is 6 yr and reproduction begins at 2 yr (Billings & Munro 1974) . (2) The relationship between a g e and survivorship shown in 'Results' (Fig. 2) can b e extended to the (Billings & Munro 1974) . Recruitment data suggest that spawning occurs on a semilunar basis on quarter moons (McFarland et al. 1985) , but spawning frequency 1s unknown. We will assume that the average reproductive female produces between 62 000 (equal to 2 complete spawns yr-l) and 806 000 (26 quarter moon complete spawns ~r -' X 31 000) eggs yr-l. With these assumptions, we estimate there are between 20 and 240 eggs produced for every recruit arriving in this population. This ratio is far lower than the one found for Pomacentrus wardi on the Great Barrier Reef (Doherty 1980) . Because Tague Bay is not a closed system, it is impossible to estimate larval mortality rates from the ratio of eggs to recruits in this population. However, we can conclude that either or both of the following must be true: (1) Tague Bay is a sink for French grunt recruits produced by other popul a t i o n~; and/or (2) larval survivorship is high in this species (probably greater than 0.6 % ) . French grunts have a short planktonic life (14 d) compared to most other reef fishes (Brothers et al. 1983 , Brothers & Thresher 1985 , Victor 1986a ; it is not improbable that larval survivorship should be higher as a result.
In addition to high recruitment rates, French grunts also exhibit high post-settlement mortality rates with less than 0.1 of recruits surviving to age 1 yr. We suspect that the major source of mortality in young grunts is predation. We have observed or filmed predation on recruits and small juveniles by snappers Lutjanus mahogoni, L, buccanella, Ocyurus chrysurus, and jack Caranx ruber (Shulman et al. 1983, Ogden unpubl. data) . Predation on older juvenile grunts by a lizardfish Synodus intermedlus and the peacock flounder Bothus lunatus has also been reported (Helfman et al. 1982) . Adult snappers and jacks, frequently foraging in schools, will make repeated passes through groups of small grunts, attempting to strike on each pass. Much of this predatory activity appears to take place during twilight, a time that prey are hypothesized to be particularly vulnerable (Hobson 1968 , McFarland & Munz 1976 , Helfman et al. 1982 , Helfman 1986 .
Mortality rates (per unit time) during the benthic life stage in French grunts were highest in the youngest/ smallest classes and decreased dramatically with increasing age and size (Fig. 3) . Smaller grunts are presumably more vulnerable to predation than larger individuals because: (1) they swim more slowly, (2) they have lower visual acuity (Munz & McFarland 1973) , and (3) they may be in the appropriate prey size range for more predators. Additionally, post-metamorphic developmental problems may contribute to early mortality in the benthic life-stage.
A comparison with the very limited data available on benthic mortality rates in other reef fishes demonstrates that French grunts show the highest rate yet reported (Table 4) . Ninety O/O of French grunt recruits die within the first month after settlement. In sharp contrast, 2 specles of West Pacific pomacentrids experience only 20 % mortality during the first month of benthic life (Table 4) . These marked differences in benthic mortality continue with age. Only 0.1 % of French grunts survive to 1 yr, while 2 % of recruiting Thalassoma bifasciatum, 20% of Pomacentrutus flavicauda, and 7 5 % of P. wardi survive to that age (Table 4 ). These differences in early mortality rates could be due to a variety of factors, among which are differences in size, behavior, abundance (affecting the development of search images among predators), or predator densities.
Several recent studies have provided evidence for both recruitment limitation and a lack of resource Limitation in several species of reef fishes. Two kinds of evidence have been used to adduce the presence of recruitment limitation: (1) a lack of density-dependent post-settlement mortality (Doherty 1982 , Victor 1983 , 1986b , and (2) a very low recruitment rate, barely sufficient to replace the adult population (Williams 1980 , Doherty 1983 or allow a numerical response to increases in benthic resources (Wellington & Victor 1985) . Do either of these 2 conditions characterize the French grunt population we have studied?
In the Tague Bay population, over 1000 recruits arrive each year for every large juvenile living on the reef. Though the number of adults produced in the reef study area is unknown (due to emigration), we estimate, using the survivorship and longevity assumptions discussed above, that the ratio between the annual number of recruits (to the reef study area and the lagoon source area) and the number of adults is 1700 to 1. In striking contrast are studies on several species of damselfishes at One Tree Island on the Great Barrier Reef. Williams (1980) and Doherty (1983) found ratios of 1 recruit yr-l for every 2 to 6 adult Pomacentrus amboinensls, Pomacentrus sp., and P, wardi. What causes these differences in recruitment rates? Differences between geographic locations appear to be part of the explanation. Sweatman (1985) . working at Lizard Island on the northern section on the Great Barrier Reef, found up to 100 times the density of recruiting Dascyllus aruanus, Pomacentrus amboinensis, and Pomacentrus sp. than were found at One Tree Island (Table 3) . Geographic and oceanographic differences between the locations probably account for different exposure to water masses carrying fish larvae (Sweatman 1985) . Even more importantly, we can presume that there are large biological differences between the eggs and larvae of different species that result in different rates and patterns of planktonic mortality and subsequent recruitment success. However, at present, larval characteristics affecting planktonic survivorship remain unstudied. In addition to differences in larval mortality, species will vary in the number of eggs produced per female per year Thresher (1982) has reported a lower mean egg size in Caribbean fishes with demersal eggs, than in related species from the tropical western Pacific. He has hypothesized that, for a given body size, Caribbean species with demersal eggs will produce more larvae per female per year and would be expected to show higher recruit/adult ratios than confamilial species from the tropical Pacific. This hypothesis has not been tested.
Is there evidence that the benthic mortality in French grunts is density dependent? This study was not designed to test for the presence of absence of densitydependent mortality or to determine the effects of resource availabdity on benthic mortality. However, aggression in grunt schools has been observed to affect individual access to shelter sites (McFarland & Hillis 1982 , Shulman 1985b ; these behaviors might possibly result in density-dependent mortality, but that has not yet been demonstrated.
Regardless of whether or not benthic mortality in French grunts is density-dependent, we can still consider the relative importance of recruitment versus benthic mortality in controlling the adult (or in our case, the large-juvenile) population on the reef. To accomplish this, we propose the following criterion, which has general applications for determining the relative importance (strengths) of multiple limiting factors. The criterion is the relative sensitivity of adult population size to proportionate changes in the limiting factors or processes. To apply this criterion, we need a model that describes the population dynamics for the species in question. For French grunts, because we do not know whether any or all of the sources of benthic mortality are density-dependent, we will make the conservative assumption that benthic mortality is completely density-independent. (Therefore, we are assuming that recruitment is a limiting factor). With this assumption, the population size of large juvenile French grunts can be described by the equation:
where U = number of large juveniles; m = mortality rate between settlement and large juvenile size/age; and R = number of recruits that settled in the cohort that produced these large juveniles. Is U more sensitive to proportionate changes in the mortality rate or in the recruitment rate?
We are interested in the ratio of the change in LJ as a function of a change in m to the change in U as a function of a proportionate change in R. The change in W that results from a small change (= 6) in m is:
The change in W resulting from an equivalent proportionate change in R is:
Therefore, the equation for the ratio of interest is:
and is independent of the value of R. The relation between this ratio (or its inverse, if it is less than 1) and the mortality rate is shown in Fig. 4 . For French grunts, the mortality rate between settlement and large juvenile age is 0.992; a change in the mortality rate will have a 100 times greater effect on the number of large juveniles than will the same proportionate change in the number of recruits. Using this critenon, it is clear that whatever factors are responsible for the high benthic mortality, those factors are far more important to the benthic population dynamics in French grunts than is the recruitment rate.
Using our criterion, can we make the same kind of evaluation of the relative sensitivity of adult population size to benthic mortality versus recruitment for other species of reef fishes? Pornacentrus wardi at One Tree Reef appears to have a very low post-settlement mortality rate, about 0.25 in the first year (Table 4) ; recruitment probably more strongly controls adult population sizes than does benthic mortality. The other 2 species for which we have post-settlement mortality information have much higher mortality rates: 92 % of Thalassoma bifasciatum and at least 80 O/O of P. flavicauda recruits do not survive to reproductive age (Table 4) . If a model similar to the one discussed above describes the local population dynamics in these species, then adult population size will be far more sensitive to changes in benthic mortality than to changes in recruitment. Previous authors have stressed the importance of recruitment in limiting benthic population size and there is good evidence that benthic mortality is, in fact, densityindependent in all 3 of these species (Doherty 1982 , Victor 1983 , 1986b . However, for the latter 2 species, the effects of benthic mortality on adult population size have been largely ignored. Though evidence supports the existence of recruitment limitation, its effects, relative to benthic mortality (which also limits adult populations), are minor according to our criterion. This analysis suggests that we need to understand further how food resources, competitors, shelter, number and size of predators and composition of the predator assemblage contribute to, and control, benthic mortality.
